As a fundamental study for clarifying the reduction phenomena of sintered ore in a blast furnace, mixtures of iron oxide and quaternary calcium ferrite (Cf) were prepared and its kinetic behavior at the final stage of reduction with CO gas was studied. Reduction rate increased with increasing reduction temperature regardless of mineral ratio. Influence of mineral ratio were small and reduction rate were similar in every sample at 1 000°C and above. While at 900°C and below, reduction rate increased with increaseng amount of Cf. The reason thought to be due to that the dense iron layer on surface of iron oxide particle inhibits the reduction at inner phase. Reduction reaction proceeded topochemically at higher temperature. On the other hand, reduction reaction did not proceed topochemically at lower temperature. Besides reduction reaction of rich Cf samples proceeded topochemically. Reduction data were analyzed based on the two interface unreacted core model, effective diffusion coefficient in outer layer and inner layer were determined. Reduction curves calculated by using the rate parameters obtained by the analysis agreed with observed data very well at 1 000°C and above. Therefore reduction rate of two minerals mixture sample can be analyzed based on the two interface unreacted core model above 1 000°C.
Introduction
Reduction behavior of self-fluxing iron ore sinter is important for clarifying the reaction behavior in blast furnace because iron ore sinter is a main source of iron. Many experiments for iron ore sinter that produced in sinter plants or pods were carried out to clarify the reduction behavior. However, iron ore sinter has various mineral phases such as iron oxide, calcium ferrite, slag. Therefore structure of iron ore sinter is very complex. Analysis of simulated iron ore sinter that has simplified structure is required for the quantitative analysis of reduction rate of iron ore sinter. In particular, clarifying the reducibility of iron oxide and calcium ferrite is most important for understanding the reducibility of iron ore sinter in blast furnace.
In previous paper, 1) reduction rate analysis at final stage of reduction of single mineral phase sample that made from iron oxide or quaternary calcium ferrite was reported. Iron ore sinter has various mineral phases, therefore, kinetic analysis for many mineral phases sample were required. However, previous studies analyzed iron ore sinter as single mineral phase sample. 2) Thus in this study, dual mineral phase samples that made from both iron oxide and quaternary calcium ferrite were prepared, and relationship between reduction rate at final stage of reduction and mineral composition of the samples was investigated. Additionally, the reduction rate was analyzed the results based on new two interface unreacted core model that was developed in this paper, and the suitability of this model for dual mineral phase sample was discussed.
Experiments

Samples
Dual mineral phase sample was composed of iron oxide (H) and quaternary calcium ferrite (Cf ). Reagent grade powder of Fe2O3 was used as iron oxide. Quaternary calcium ferrite was synthesized as follows.
Quaternary calcium ferrite was prepared from reagent grade powders of Fe2O3, CaCO3, SiO2 and Al2O3. The powders were mixed to be the composition as shown in Table  1 . The mixed powder was fired at 1 000°C for 1h in the air Table 2 shows mixture ratio of samples. About 2.3 g of the mixed powder was weighed out and compacted into a briquette of about 1 cmφ × 1 cm. The briquette was used for the reduction experiment without sintering. The porosity of samples was 26-30%, which was calculated from the apparent and true density of each mineral.
Experimental Procedure
Reduction experiments were carried out at 800, 900, 1 000 and 1 100°C using a thermal balance. It was heated up to each experiment temperature in N2 gas stream. Then, a sample was hung on the thermal balance under N2 atmosphere. At first, the sample was reduced to wustite with 50%CO-50%CO2 gas mixture. Next, the sample was reduced to iron with CO gas. Gas flow rates were 3.33 × 10 -5 Nm 3 /s (2 NL/min) in all experiments so that reductions were not controlled by gas supply.
3)
Results
Reduction Curves
Figures 1, 2 and 3 show the reduction curves of samples 1, 2 and 3 at each temperature respectively. From these figures, it was found that reduction rate of each sample was increased with increasing reduction temperature.
Figures 4, 5, 6 and 7 show the reduction curves of each sample reduced at 800, 900, 1 000 and 1 100°C respectively. From these figures, it was found that the reduction rate above 1 000°C was almost the same regardless of the amount of Cf and the reduction rate at later stage of reduction below 900°C was increased with increasing the amount of Cf. As described §3.2, the reduction rate of wustite particle derived from H was slowed at low temperature because the diffusion of CO gas to wustite surface was prevented by Table 2 . Mixture ratio of samples (oxygen%). dense iron layer surrounding wustite particle derived from H. By contrast, the reduction rate of wustite derived from Cf was not slowed because the diffusion of CO gas to wustite surface was not prevented since the reduced iron layer derived from Cf was not dense. For this reason, reduction rate at later step became small in case of sample containing a small amount of Cf at low temperature. In addition, the effect of the mixture ratio of mineral phase on the reduction rate was smaller than that of the temperature. However, the effect of the mixture ratio of mineral phase on the reduction rate was not negligible at lower temperature (<900°C).
Macro and Microscopic Observations of Partially
Reduced Samples Macroscopic observations were performed by using the partially reduced samples which was prepared by interrupting the reduction at about 70% reduction degree. Figure 8 shows the cross-sectional view of each sample at each temperature. Percentages in this figure represent reduction degree of each sample.
In case of reduction at 1 100°C, it was found that the reduction of each sample proceeded topochemically because the boundary between surface layer and unreacted core was clear. By contrast, the boundary of each sample at lower temperature (<1 000°C) was not clear. In particular at 800°C, it is considered that the reduction reaction proceeded uniformly because unreacted core was not confirmed.
Additionally, boundary of sample containing smaller amount of Cf was less sharp and unreacted core of sample containing lowest amount of Cf (sample 1) was not confirmed at 900°C. Figure 9 shows the microstructure of partially reduced sample 1 at 800, 900, 1 000 and 1 100°C. In this figure, an, bn and cn show the microstructure at surface layer, at the reaction interface and at the center of sample respectively. In this figure, FeO and Fe show wustite and iron derived from H respectively, and 'FeO' and 'Fe' are wustite and iron derived from Cf respectively. Additionally, Fig. 10 shows particles reduced at 900°C derived from H and Cf respectively.
At 1 100°C, most particles in surface layer had become reduced iron. These in unreacted core was unreduced wustite. On the other hand, below 1 000°C, partially reduced wustite particles were observed in both the surface and core layer . In addition, the amount of unreduced wustite in surface layer and reduced iron in the unreacted core tended to increase with decreasing temperature. The same tendency was observed in sample 2 and 3.
From the microscopic observation of particles derived from H (left particle shown in Fig. 10 ), there were many particles of which reduced iron existed at the surface and unreduced wustite existed inside. The reduced iron layer on the surface of the particle became thinner with lower temperature, and many such particles were observed in the center of the sample reduced at low temperature. It is considered that diffusion of reducing gas in the particle is prevented by the iron layer because dense iron layer is formed at surface of the particle. When the iron layer covers the particles, it is considered that reduction rate of samples is controlled by the oxygen diffusion through the dense iron layer. The oxygen diffusion through the dense iron layer becomes slow at low temperature particularly. For this reason, reduction rate at later step became small at low temperature.
From the microscopic obsevation of particles derived from Cf (right particle shown in Fig. 10 ), there was no particle covered with dense iron layer differently from H particles. Reduced iron was porous because slag phase was precipitated during reduction of Cf. Thus, it is not considered that the reduction rate of sample is controlled by the oxygen diffusion through the dense iron layer.
For these reasons, it is considered that the reduction rate at later of reduction decreases with increasing the amount of H in sample. This consideration agrees with the experimental results (Figs. 4-7) . 
Procedure of Analysis
In order to conduct the reduction rate analysis more accurately, two interface unreacted core model based on three interface model of Spitzer et al. 4) was developed. Figure 11 shows the schematic view of the unreacted core model with two reaction interfaces. Figure 12 shows equivalent electric circuit of this model. In this model, as shown in Fig. 11 , the chemical reactions are assumed to take place topochemically at two interfaces: (AO+BO)/(A+BO or AO+B) and (A+BO or AO+B)/(A+B). Besides these chemical reaction processes, masstransfer in the gas film and gaseous diffusion in each product layer (A+B, A+BO or AO+B) are also taken into account in the analysis.
• Reductions from AO to A or from BO to B proceed as one interface respectively. Intermediate layer are not produced.
• Each reaction proceeds topochemically and independently. These reaction interfaces can be replaced each other.
• The reaction area depends on the amount of oxide concerned with reduction at reaction interface. The rate of interface movement is obtained from Eqs. (5) and (6) (8) when the reduction of AO is faster than that of BO; when the reduction of BO is faster than that of AO;
Assuming that reduction of AO is faster than that of BO, the procedure of calculation is described below.
i) Initial condition of Xi AO and Xi BO equal r0.
ii) Calculate five resistances, λa and λb.
iii) Calculate overall reduction rate from Eq. (8). iv) Calculate PCO 0 from Eq. (1) by using the relation of . (t) by using the obtained PCO (A+B) and PCO (A+BO) .
Steps from ii) to ix) are repeated at every time step. Judging of whether interfaces are replaced is performed in step ii). If interfaces are replaced, the substitute equation is changed sequentially in steps from ii) to ix) and calculated.
If the relative thickness of product layers is determined, the reduction degree of AO and BO is expressed as following equations. It was reported that apparent chemical reaction rate constant of mixed oxide is proportional to oxide ratio. Applying unreacted core model was not appropriate at lower temperature because the reduction reaction did not proceed topochemically at lower temperature. In this study, however, result of all experimental conditions were analyzed using this model for comparison.
Results of Analysis
Figures 1, 2 and 3 show the calculated reduction curves and observed data for comparison. Calculated reduction curves agreed with observed data very well above 1 000°C. By contrast, calculated reduction curves in later reduction step of reduction did not agree with observed data below 900°C. This is attributed that the reduction reaction did not proceed topochemically and was retarded by dense iron layer reduced from H particle.
Therefore reduction rate of dual mineral phase sample above 1 000°C can be analyzed based on the two interface unreacted core model developed in this study using chemical reaction rate constant of single mineral phase sample.
Figures 13 and 14 show temparature dependency of De out and De in . These coefficients represent the reduction rate where the calculated curves agree well with observed data. Namely, below 900°C, these coefficients represent the rate in the lower reduction degree. Effective diffusion coefficients of single mineral phase sample 1) were also shown in Fig. 13 the same time is difficult, because the interfaces became not clear at the low temperature. 
Conclusions
As a fundamental study for clarifying the reduction phenomena of iron ore sinter in a blast furnace, dual mineral phase samples of iron oxide and quaternary calcium ferrite (Cf ) were prepared and its kinetic behavior at the final stage of reduction with CO gas was studied. Additionally reduction data were analyzed based on the two interface unreacted core model that developed in this study. Obtained results are summarized as follows.
(1) Reduction rate increased with increasing reduction temperature regardless of mixture ratio of mineral phase.
(2) Influence of mixture ratio of mineral phase were small and reduction rate were similar in every sample at 1 000°C and above. While at 900°C and below, reduction rate increased with increaseng amount of Cf. The reason thought to be due to that the dense iron layer on surface of iron oxide particle interferes the reduction within the iron layer.
(3) Reduction reaction proceeded topochemically at higher temperature. On the other hand, reduction reaction did not proceed topochemically at lower temperature. Besides reduction reaction of rich Cf samples proceeded 
